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(Background: Kinesin-13 proteins, such as Kif2C, share a conserved motor domain with motile kinesins, but they depo-

Results: Kif2C is mostly ATP-bound, and Kif2C-ATP has a strong binding preference for curved tubulin.
Conclusion: Kif2C-ATP starts depolymerization by favoring a curved tubulin conformation at microtubule ends.
Significance: Kinesin-13 proteins have evolved unique nucleotide binding properties to fulfill their microtubule disassembly
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The kinesin-13 Kif2C hydrolyzes ATP and uses the energy
released to disassemble microtubules. The mechanism by which
this is achieved remains elusive. Here we show that Kif2C-
(sN+M), a monomeric construct consisting of the motor
domain with the proximal part of the N-terminal Neck exten-
sion but devoid of its more distal, unstructured, and highly basic
part, has a robust depolymerase activity. When detached from
microtubules, the Kif2C-(sN+M) nucleotide-binding site is
occupied by ATP at physiological concentrations of adenine
nucleotides. As a consequence, Kif2C-(sN+ M) starts its interac-
tion with microtubules in that state, which differentiates kine-
sin-13s from motile kinesins. Moreover, in this ATP-bound con-
formational state, Kif2C-(sN+M) has a higher affinity for
soluble tubulin compared with microtubules. We propose a
mechanism in which, in the first step, the specificity of ATP-
bound Kif2C for soluble tubulin causes it to stabilize a curved
conformation of tubulin heterodimers at the ends of microtu-
bules. Data from an ATPase-deficient Kif2C mutant suggest
that, then, ATP hydrolysis precedes and is required for tubulin
release to take place. Finally, comparison with Kif2C-Motor
indicates that the binding specificity for curved tubulin and,
accordingly, the microtubule depolymerase activity are con-
ferred to the motor domain by its N-terminal Neck extension.
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Kinesins are a family of force-generating motor proteins that
are probably ubiquitous and essential in organisms with micro-
tubules (MTs).> Most kinesins convert the energy released
upon ATP hydrolysis into mechanical energy as their dimeric
form “walks” step-by-step along MT protofilaments (1-3).
Central to this function are a mechanism for binding MTs and
ATP by the conserved kinesin motor domain located at either
the N or C terminus of kinesin proteins and the coupling
between the affinity for MTs and the ATPase activity of this
domain (4). Kinesins have evolved to use ATP efficiently; one
ATP is hydrolyzed per step they move (5-7) and, in the absence
of MT, their dominant species is a trapped ADP-bound state,
which is characterized by very slow ADP release (8). The effi-
cient MT-stimulated ATPase activity of motile kinesins
depends on the stimulation of ADP release, which is the rate-
limiting step of the basal activity. As the physiological role of
motile kinesins is closely associated to their interaction with
MTs, their interaction with soluble tubulin has been much less
investigated. One study, though, suggests that kinesin-1 binds
to tubulin when it is in the nucleotide-free state or bound to
AMPPNP, a non-hydrolyzable ATP analog, but much less when
it is bound to ADP (9).

Kinesin-13 family, also known as internal kinesins, is a
unique family of kinesins in which the motor domain is internal
to the polypeptide chain (10, 11). Stemming from conventional
kinesins (12), kinesin-13 proteins have evolved a distinct func-
tion of MT depolymerization rather than walking along MT
protofilaments (11, 13). They play important roles in spindle
organization and chromosome segregation during mitosis (14),
but other functions, such as ciliogenesis regulation and sup-
pression of collateral branch extension, have also been
described (15, 16). Compared with the working scheme of con-
ventional motile kinesins, the MT-depolymerizing mechanism

3 The abbreviations used are: MT, microtubule; AMPPNP, adenosine 5'-(B,y-
imido)triphosphate; MCAK, mitotic centromere associated kinesin; PIPES,
1,4-piperazinediethanesulfonic acid.
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of kinesin-13s is far less well established. In particular, the way
their interaction with nucleotides is related to MT disassembly
is unclear. It is clear though that kinesin-13s catalytically depo-
lymerize MTs from their ends as they hydrolyze ATP (13, 17).
Remarkably, by contrast with most motile kinesins, monomeric
constructs of kinesin-13 proteins are functional. Together with
the conserved motor domain, the Neck, a ~70-residue exten-
sion N-terminal to the motor domain, is sufficient for MT
depolymerization (18, 19).

Recently, good progress has been made on the mechanism of
kinesin-13 kinesins, but two aspects in particular remain
unclear. The first one concerns the structural reason why kine-
sins-13 favors MT disassembly. Initial modeling based on the
x-ray structure of a kinesin-13 construct has suggested that it
would be better adapted to binding to curved tubulin, a prop-
erty to which the class-specific L2 loop and its KVD motif might
contribute (20). Itis important to challenge this at the biochem-
ical level by comparing the affinities of kinesins-13 for micro-
tubular tubulin (which is straight) and for the soluble tubulin
heterodimer (which is curved) (21) and to determine the
dependence of any preference on the nucleotide state of the
kinesin (ATP-bound, ADP-bound or nucleotide-free). The sec-
ond aspect concerns one of the most fundamental aspects of the
depolymerization mechanism, the role of ATP hydrolysis. It has
recently been proposed that tubulin removal precedes ATP
hydrolysis, which promotes dissociation of the tubulin-kinesin
complex (22). When this is studied with a full-length kinesin-
13, which is dimeric, one is faced with the possibility that the
two monomers are in different nucleotide states, one being
tethered to the microtubule, whereas the other one releases
a tubulin heterodimer, complicating the apparent dependence
of tubulin release on ATP hydrolysis. It would be interesting to
use a functional monomeric construct to revisit the role of ATP
hydrolysis in the working mechanism of a kinesin-13 depoly-
merase core.

To understand better the mechanism of kinesin-13s, we have
studied a well established member of this family, the human
kinesin-13 HsKif2C/MCAK (23). HsKif2C is a dimer, but we
took advantage of the fact that the monomeric Neck+Motor
construct is a functional MT depolymerase and worked with
monomeric proteins. This allowed us to separate the study of a
functional depolymerase from the issue of the coordination
between the two motors of a dimer. We used a short construct
consisting of the motor domain and a 36-amino acid extension
N-terminal to it (Kif2C-(sN+M)). We studied the binding of
nucleotides to this protein and, to relate it to the depolymerase
function, we measured the affinities of Kif2C-(sN+M) in its
three main nucleotide states (nucleotide-free, ADP-bound, and
ATP-bound) for MTs and tubulin. We first show that, whether
detached or MT-bound, this protein has a higher affinity for
ATP than for ADP and that when it is detached, it releases ADP
much faster than conventional kinesins. As a consequence, by
contrast with motile kinesins, it is in the ATP-bound state at
physiological adenine nucleotide concentrations. Importantly,
whereas the protein has similar affinities for MTs in its three
main nucleotide states, it binds to curved tubulin much more
tightly when it is in the ATP-bound state than when it is ADP-
bound or nucleotide-free.
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We also find that the MT-depolymerizing activity of the
motor domain is considerably weaker than that of Kif2C-
(sN+M). Because in addition the affinities for tubulin of the
Kif2C motor domain in its three main nucleotide states are
much more similar than those of Kif2C-(sN+M), our results
suggest that the increased specificity for curved tubulin of
Kif2C-(sN+M) in the ATP-bound state enhances the depoly-
merase activity and that this enhancement is an important role
of the short Neck extension. Finally, we show that ATP hydrol-
ysis by Kif2C-(sN+M) at MT ends occurs before tubulin
release. Its function is to detach the kinesin from curved, longi-
tudinally associated tubulin heterodimers, which thereby dis-
sociate from each other and from MTs.

EXPERIMENTAL PROCEDURES

Constructs and Protein Purification—The HsKif2C cDNA
was purchased from Invitrogen, and fragments coding for
Kif2C-(N+M) (Ser-187-GIn-598), Kif2C-(sN+M) (Arg-216—
GIn-598), and Kif2C-Motor (Asp-252—GIn-598) (Fig. 1A) were
amplified by PCR and cloned into the Ncol and Xhol pET28a
restriction sites for expression. R330A and R379A mutations,
which do not affect the Kif2C activity (24), were introduced in
all the constructs to diminish protein aggregation in the pres-
ence of tubulin. G495A mutation was further introduced to
abolish the ATP hydrolysis in Kif2C. All the recombinant Kif2C
fragments were expressed in BL21 Star™ (DE3) (Invitrogen)
and purified on a HisTrap FF column followed by a Mono S
column (GE Healthcare). More than 10 mg of pure recombi-
nant protein was routinely obtained from a 1-liter Escherichia
coli culture.

Tubulin was purified from pig brain homogenates by two
cycles of temperature-dependent assembly/disassembly (25).
Tubulin aliquots in 80 mMm PIPES-K, pH 6.8, 0.5 mm EGTA, 1
mm MgCl,, 33% glycerol, and 0.1 mm GDP were frozen in liquid
nitrogen and stored at —80 °C. Before use, an additional cycle of
assembly/disassembly was performed to remove any nonfunc-
tional protein. Tubulin concentration was determined by spec-
trophotometry using an extinction coefficient of 1.23 mg ™' X
cm? at 278 nm. To prepare Ncap-tubulin, the Ncap peptide
(IQVKELEKRASGQAWELILSPSGC) (GL Biochem, Shanghai,
China), which had been activated by 2,2’ -dithiobis(5-nitropyri-
dine) (DTNP), was reacted with tubulin by incubation in 50 mm
PIPES-K, pH 6.8, 1 mm MgCl,, 0.5 mm EGTA at 25 °C for 15
min. The excess peptide was removed by several cycles of alter-
nate buffer dilution and concentration using a 30,000-Da-cut-
off Amicon Ultra Centrifugal Filter (Millipore). Concentrated
Ncap-tubulin was stored until further use at —80 °C but for no
longer than 1 month. The Ncap peptide modification was
detected using non-reducing PAGE of the final product with
0.1% SDS (L5750; Sigma) (26), and the attachment site of the
Ncap peptide was determined by MALDI-TOF mass spectrom-
etry of an in-gel trypsin digested Ncap-tubulin sample.

Kif2C ATPase and Microtubule Depolymerization—MT
depolymerization was studied by measuring at 25 °C the turbid-
ity of a Taxotere-stabilized MT solution (1.5 uMm, tubulin con-
centration) in P-buffer (40 mm PIPES-K, pH 6.8, 1 mM EGTA, 2
mM MgCl,, 1 mm DTT) supplemented with 75 mm KCI and 1
mMm ATP. Absorbance (350 nm) was monitored after the addi-
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tion of 40 nm Kif2C protein using a Cary 50 spectrophotometer
(Varian). MT depolymerization was also monitored in a spin-
down assay by incubating at 25 °C for 15 min Taxotere-stabi-
lized MTs (1.5 um) with Kif2C fragments (100 nm) in P-buffer
supplemented with 1 mm ATP and 75 mm KCI. Soluble tubulin
and MTs were separated by spinning down the reaction prod-
uct for 15 min at 85,000 rpm in a TLA120.1 rotor (Beckman).
Equivalent fractions of supernatant and resuspended pellet
were analyzed on SDS-PAGE gels and stained with Coomassie
Blue for comparison of tubulin quantities. The same assay was
used to detect the aggregation of equimolar solutions of tubulin
and Kif2C fragments.

ATPase activities of Kif2C fragments were determined at
25 °C by using an enzyme-coupled assay in P-buffer supple-
mented with 75 mm KCIl and 1 mm ATP. The enzymes and
reagents for the assay (phosphoenolpyruvate, NADH, pyruvate
kinase, and lactate dehydrogenase) were from Sigma. Varying
amounts of Ncap-tubulin or Taxotere-stabilized MTs were
added before the addition of Kif2C fragments (0.5 um). When
MT-stimulated ATPase was measured, the buffer was supple-
mented with 20 um Taxotere to prevent MT depolymerization
by Kif2C (supplemental Fig. S1). The variations of the stimu-
lated ATPase rate as a function of tubulin or MT concentra-
tions were analyzed according to the Michaelis-Menten equa-
tion to yield k_,, and K,,,.

Nucleotide Binding and Release—Nucleotide-depleted Kif2C
was prepared by incubating the protein with 5 mm EDTA for 30
min and removing the nucleotide using a Micro Bio-Spin 6
column (Bio-Rad). MgCl, was added to the protein right after-
ward. Nucleotide-depleted Kif2C protein was confirmed to be
fully active by checking its MT-stimulated ATPase. To verify
the efficacy of ADP removal, the remaining ADP was separated
on Mono Q column (GE Healthcare) after trifluoroacetic acid
denaturation of the kinesin protein and quantified based on
comparison of the peak area to that of an ADP sample of known
concentration.

Nucleotide-depleted Kif2C-(sN+M) protein (final concen-
tration 0.3 M) was titrated with fluorescent nucleotide analog,
Mant-ADP or Mant-ATP (Jena Bioscience), in P-buffer supple-
mented with 75 mm KCI. The fluorescence intensity (excitation,
355 nm; emission, 448 nm) was monitored at 25 °C using a Cary
Eclipse spectrofluorimeter (Varian). To determine the dissoci-
ation constant K}, the variation of the increase of the fluores-
cence intensity was fitted with the following quadratic equa-
tion, which takes into account the ADP that remains in
depleted Kif2C,

[MantADP]
| = a[

MantADP] + [ADP] < (IMantADP] + [ADP] + [Kif2C] + Ko

— (IMantADP] + [ADP] + [Kif2C] + Kp)* — 4[Kif2Cl([MantADP] + [ADP]))
(Eq. 1)

where [ is the variation of the fluorescence, and « is the coeffi-
cient relating it to the concentration of Kif2C-MantADP.
[MantADP], [ADP] and [Kif2C] are the concentrations of fluo-
rescent nucleotide, ADP, and kinesin. In the case of Mant-ATP
binding, the situation is different because Mant-ATP and ADP
(present in nucleotide depleted Kif2C) do not have the same
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affinity for Kif2C. In that case, K, was determined by fitting the
fluorescence variation with a cubic equation, which is solved
explicitly (27).

Mant-ADP release from Kif2C-(sN+M) was monitored
using a Hi-Tech KinetAsyst Stopped-flow System at 20 °C.
Kif2C-(sN+M) was incubated for 5 min with Mant-ADP in
P-buffer supplemented with 75 mm KCl and then mixed with an
equal volume of buffer, ATP or ADP, tubulin or MT solution,
and the fluorescence intensity was monitored. Data were fitted
to determine an observed rate constant of the fluorescence
decay, k.. For MT-stimulated Mant-ADP release, the varia-
tion of k_,; as a function of the MT concentration was fitted
with a hyperbolic curve to determine the stimulated release
kinetic constant k.

Kif2C-Tubulin Binding—The binding of Kif2C to tubulin
was measured by monitoring the anisotropy of labeled Kif2C
fluorescence. To measure the binding to MTs, a spin-down
assay was used in addition. The spin-down assay was identical
to that used to monitor MT depolymerization except that the
buffer was supplemented with 20 um Taxotere to prevent MT
depolymerization. For fluorescence anisotropy determination,
Kif2C fragments were labeled with IAEDANS (Invitrogen), as
the fluorescence lifetime of this dye (~20 ns) is appropriate to
the molecular weights of the complexes involved. The free dye
was removed using a Micro Bio-Spin 6 column (Bio-Rad). 0.5
uM Kif2C-AEDANS was titrated with MT or Ncap-tubulin in
P-buffer supplemented with 75 mm KCl and 1 mm ADP, 1 mm
AMPPNP, or 1 mMm ADP with 2 mMm vanadate to mimic the
ADP-P; state (28). ADP-AIF, was also tested, but in this case the
K, was similar to that with ADP (data not shown), suggesting
that this is not a transition state analog of the Kif2C ATPase.
Fluorescence anisotropy measurements were performed using
a Hitachi F2500 spectrofluorimeter (excitation, 360 nm; emis-
sion, 490 nm). Anisotropy (r) was determined as (I\, — GlLy)/
(I + 2Gly), where the G factor is defined as I;/I ;. The
variations of anisotropy as a function of MT or Ncap-tubulin
concentration were fitted with the following equation to deter-
mine the dissociation equilibrium constant K,,

K9+ M +K [+ T+ K T >

I’=ff+(fb_rf)< 2 X [K¥] \/ -

4 X [K*P [K*]
(Eq.2)

where 7 is the measured anisotropy, 7, is the fluorescence ani-
sotropy of Kif2C alone, r, is the fluorescence anisotropy of
Kif2C when bound to MT or tubulin, [ 7] is the concentration of
MT or tubulin, and [K*] is the concentration of labeled Kif2C
(29). Note that the K, of the nucleotide-free state was derived
from that measured with nucleotide-depleted Kif2C-(sN+M)
(0.079 uMm) and from the actual concentration of ADP in that
condition (see the supplemental material).

RESULTS

Kif2C-(sN+M) Is a Much Stronger Depolymerase Than
Kif2C-Motor, although MTs Stimulate ATPase of Both Proteins
to Similar Extents—We first expressed the monomeric
“Neck+Motor ” region of human Kif2C (Kif2C-(N+M)) and its
motor domain alone (Kif2C-Motor). We found that the Kif2C-
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FIGURE 1. The monomeric HsKif2C fragments and their MT depolymeriza-
tion activities. A, shown is a schematic representation of the HsKif2C con-
structs expressed in this work. B, turbidity traces show the loss of Taxotere-
stabilized MTs over time as described under “Experimental Procedures.” A.U.,
absorbance units. C, SDS-PAGE analysis of the supernatant (S) and pellet (P)
after ultracentrifugation of 1.5 um Taxotere-stabilized MTs after incubation
with 100 nm Kif2C-Motor or Kif2C-(sN+M), as described under “Experimental
Procedures.”

(N+M) protein undergoes N-terminal degradation during
storage and identified by N-terminal amino acid sequencing the
position in the sequence of the first amino acid of a stable frag-
ment (data not shown). This fragment, named hereafter Kif2C-
(sN+M), was cloned and expressed. It lacks the N-terminal part
of Neck region, which has no defined structure but comprises a
cluster of positively charged residues (Fig. 1A). The MT depo-
lymerization activities of the fragments we just described were
evaluated by monitoring their effect on the quantity of micro-
tubules from the turbidity at 350 nm of the corresponding solu-
tions (Fig. 1B). Clearly, both Kif2C-(N+M) and Kif2C-(sN+M)
are functional MT depolymerases, whereas the activity of the
neckless Kif2C-Motor is much weaker. This was confirmed
when the quantity of microtubular tubulin was determined by
spinning down samples incubated with Kif2C and analyzing the
pellet and supernatant by SDS-PAGE (Fig. 1C). Indeed, this
assay demonstrates that at a time point where MT's incubated
with Kif2C-(sN+M) have been almost completely depolymer-
ized, those incubated with the motor domain or in the MT
control are recovered in the pellet. The comparison of the activ-
ities of the three Kif2C proteins we studied shows that the
C-terminal half of the Neck region, Arg-216-Asp-252 in
human Kif2C, is sufficient to confer to the motor domain the
capacity to depolymerize MTs. Kif2C-(sN+M) and Kif2C-Mo-
tor are used here for further study and comparison.
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To determine whether the weaker depolymerase activity of
Kif2C-Motor is due to a lack of stimulation of its ATPase by
MTs, we compared this activity to that of Kif2C-(sN+M).
Kif2C-(sN+M) and Kif2C-Motor have very low basal ATPase
in the absence of MTs (Table 1). Moreover, the Neck region
inhibits futile ATP hydrolysis, as the basal activity of Kif2C-
(sN+M) is 5-fold lower than that of Kif2C-Motor. The ATPase
activities of Kif2C-(sN+M) and Kif2C-Motor are stimulated by
MTs (Fig. 2 and Table 1). The catalytic constants of Kif2C-
(sN+M) and Kif2C-Motor are very similar, which means that
both proteins interact with MTs. The observation that the Neck
significantly decreases K, suggests that it enhances the affinity
of Kif2C constructs for MTs.

Kif2C Binds ATP More Efficiently Than ADP—Two factors
determine the nucleotide state in which Kif2C starts the inter-
action with tubulin or MTs: the affinities of detached kinesin
for ATP and ADP and the rate at which the nucleotide is
exchanged. We first measured these affinities. As the Mant
group has been shown not to modify the interaction of Kif2C
with nucleotides (22), the affinity for ADP (ATP) was deter-
mined by monitoring the variation of Mant-ADP (Mant-ATP)
fluorescence at 448 nm (excitation, 355 nm) upon incubation of
Kif2C-(sN+M) with variable amounts of Mant-adenine nucle-
otide (Fig. 3). To do so, we depleted Kif2C from its nucleotide as
extensively as possible by incubating it with 5 mm EDTA fol-
lowed by desalting (30). After this, about half of the ADP con-
tent expected on the basis of a 1:1 motor domain:nucleotide
stoichiometry was found in Kif2C-(sN+M) solutions (supple-
mental Fig. S2). The dissociation constant of Mant-ADP from
Kif2C-(sN+M) was determined by fitting the data with a quad-
ratic binding equation and taking the endogenous ADP present
in the kinesin solution into account (K, = 0.50 = 0.10 um). The
affinity for Mant-ATP, determined in the same conditions as
that for Mant-ADP (see “Experimental Procedures”), is higher
(Kp = 0.1 um, see Fig. 3).

ADP Is Spontaneously Released from Kif2C-(sN+M), and
This Is Stimulated by Tubulin and Microtubules—One of the
most remarkable features of the ATPase cycle of conventional
kinesins is the rate at which they release ADP. This is rate-
limiting for detached conventional kinesins and is accelerated
10*-fold by MTs (31, 32). Because Kif2C has spontaneous, tubu-
lin-stimulated (supplemental Fig. S3) and MT-stimulated
ATPase (Table 1), we measured ADP release rates in these three
situations. Mant-ADP release from Kif2C-(sN+M) was moni-
tored by measuring the variation of Mant-ADP fluorescence
when Kif2C-(sN+M), preincubated with Mant-ADP, was rap-
idly mixed with excess ADP. The variation was analyzed as the
sum of a single exponential decay (rate constant, 0.055 s~ '),
corresponding to the Mant-ADP dissociation from Kif2C-
(sN+M), and a linear component that corresponds to photo-
bleaching (Fig. 4A4). The Mant-ADP release rate was essentially
the same when ATP was used instead of ADP (Fig. 44), and it
did not change with the concentration of ADP or ATP (up to 1
mu, data not shown), confirming that the recorded process
truly represents the dissociation of Mant-ADP from Kif2C,
which kinetically limits the binding of ADP or ATP. A similar
observation of spontaneous release of Mant-ADP from
detached full-length Kif2C was recently made (22). The signif-
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TABLE 1

ATPase activity of Kif2C-(sN+M) and Kif2C-Motor stimulated by Ncap-tubulin or MT

Kif2C-(sN+M)

Kif2C-Motor

ATPase Keae K, Keae K,
st M st M
Ncap-tubulin® 0.152 = 0.007 0.082 = 0.014 0.138 = 0.005 0.32 = 0.06
MT 3.53 £ 0.09 1.13 = 0.09 3.81 £ 0.14 3.39 = 0.34
Basal activity 0.008 = 0.006 0.039 = 0.003

“ Ncap-tubulin, tubulin covalently modified with Ncap peptide (see Fig. 6 and the corresponding paragraph under “Results”), was used to diminish the oligomerization of

tubulin mediated by Kif2C proteins.
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FIGURE 2. MT-stimulated ATPase of Kif2C-(sN+M) (filled circles) and
Kif2C-Motor (open circles). The data were fitted with Michaelis-Menten
equation to determine k., and K,,,.
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FIGURE 3. Binding of Mant-ADP and Mant-ATP to 0. 3 um Kif2C-(sN+M).
Kif2C-(sN+M) was titrated with Mant-ADP (open circles) or Mant-ATP
(filled circles). Dissociation constants were determined from the variations of
the change of fluorescence intensity upon binding as a function of nucleotide
concentration by fitting them using a binding equation as described under
“Experimental Procedures.” A.U., arbitrary units.

25 3

icant difference between the ADP release rate and the ATP
hydrolysis rate (k. = 0.055 s~ ', k_,, = 0.008 s~ ') means that
ADP release is probably not limiting the unstimulated ATP
hydrolysis rate by Kif2C-(sN+M).

The variation of the fluorescence of Mant-ADP incubated
with Kif2C-(sN+M) was monitored after mixing with MTs and
with excess ADP, added to prevent Mant-ADP rebinding. The
Mant-ADP release rate is considerably accelerated (Fig. 4B) and
varies as a function of microtubular tubulin concentration. The
fluorescence decay is best fitted with the sum of a double expo-
nential and a linear component that corresponds to photo-
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bleaching; the fast phase of the double exponential corresponds
to ~90% of the amplitude. The origin of the slow phase is
unclear, but as it is small, it is difficult to investigate further; in
any case it is too slow to be on the main pathway of the MT-
stimulated ATPase of Kif2C-(sN+M). The fit of the variation of
the rate constant of the fast phase as a function of tubulin con-
centration to a hyperbola yields a limiting value of 15.8 = 1.4
s~ ! (Fig. 4C) The data strongly suggest that this phase corre-
sponds to Mant-ADP release and not to Kif2C-(sN+M) bind-
ing to MTs. Indeed, the latter rate is a linear function of MT
concentration, which is not what we observed. When Mant-
ADP rebinding may be neglected, which applies in the presence
of a vast excess of ADP (33), the limiting value approached
asymptotically as the MT concentration is increased is the rate
of release of Mant-ADP from MT-bound Kif2C-(sN+M). MTs
stimulate ADP release from Kif2C-(sN+M) ~300-fold, which
is likely due to a significant conformational change occurring as
this kinesin binds to MTs. We note that the rate of MT-stimu-
lated ADP release, k¢ = 15.8 s, is significantly higher than
the rate of MT-stimulated Kif2C-(sN+M) ATPase (k_,, = 3.5
s~ 1), indicating that ADP release is not the rate-limiting step of
MT-stimulated ATP hydrolysis by Kif2C. This result differs
from recent data on full-length MCAK (22), probably because
in that work the rate given is measured at a single MT concen-
tration that happens to be smaller than the concentration at
which the rate variation as a function of tubulin concentration
levels off.

The rate of Mant-ADP release from Kif2C was also moni-
tored when it was mixed with excess tubulin; as with MTs,
excess ADP was added to prevent Mant-ADP rebinding. The
fluorescence decay was fitted best with the sum of an exponen-
tial and a linear phase, which corresponds to photobleaching
(Fig. 4D). We interpret the exponential component of the fluo-
rescence decay as being due to tubulin-stimulated Mant-ADP
release. The fitted ADP release rate constants vary from 0.08 =
0.01 s~ (10 u™ tubulin) to 0.17 = 0.02 s~ ' (40 um tubulin),
meaning that tubulin also accelerates the rate of ADP release. In
this case, as opposed to MT-stimulated ADP release, because of
the moderate affinity of ADP-bound Kif2C-(sN+ M) for tubulin
(see below), the whole range of variations of the observed rate
could not be explored. Nevertheless, stimulation by tubulin
seems less efficient than by MTs.

Kif2C-(sN+M) in ATP-bound State Binds More Tightly to
Tubulin than to MTs—The affinities for MTs and tubulin of
Kif2C-(sN+M) in its various nucleotide states (nucleotide-free,
ADP-bound, ATP-bound and with a transition state of ATP
hydrolysis) were determined by monitoring the anisotropy of
Kif2C-(sN+M) fluorescence polarization. In the case of MTs
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(Fig. 5A and Table 2), we confirmed the results with a spin-
down assay followed by SDS-PAGE analysis of proteins in the
supernatant and pellet fractions (supplemental Fig. S4A4). The
nucleotide-free state is the strongest binding state of Kif2C-
(SN+M) to MTs (Table 2). Kif2C-(sN+M) has similarly high
binding affinities for MTs in the ATP-bound (mimicked by
AMPPNP) and ADP-bound states. This is in clear contrast to
most conventional kinesins, which bind to MTs with a much
weaker affinity in the ADP-bound state (34, 35). The mono-
meric kinesin Kif1A is an interesting exception, as it has similar
affinities for MT's in the ADP- and AMPPNP-bound states (36).
The weakest binding state of Kif2C-(sN+M), as of KiflA, is a
late analog of the ADP-Pi state, mimicked by ADP-vanadate
(36).

The affinity of Kif2C-(sN+M) for tubulin was also deter-
mined from the variation of fluorescence anisotropy of labeled
Kif2C-(sN+M) upon binding. As the fluorescence anisotropy
depends on the mass of the emitting species, any aggregation or
oligomerization modifies the results, which become difficult to
interpret in terms of a bimolecular binding interaction. There-
fore, to measure the interaction of Kif2C-(sN+M) with a solu-
ble form of tubulin, we first ensured that it does not form
oligomers in any of the states in the cycle. We found that Kif2C-
(sN+M) in the AMPPNP-bound state aggregates severely with
tubulin (Fig. 6A4). This aggregation is likely due to the formation
of ring/helical oligomers of Kif2C-tubulin similar to those
observed by electron microscopy (24, 37, 38). In these Kif2C-
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induced assemblies, tubulin molecules oligomerize through
protofilament-like intermolecular interactions. To prevent the
formation of such assemblies, we used a stathmin-like 24-amino
acid peptide (Ncap) that has been found to cap a-tubulin and to
potentially interfere with intermolecular longitudinal interac-
tions (39). Indeed, the Ncap inhibits MT assembly (40) as well
as the tubulin-colchicine GTPase activity (41), which means
that it also inhibits tubulin longitudinal intermolecular interac-
tions in solution. It does so at relatively high concentrations
(0.1-1 mm, depending on the exact peptide considered (40)),
which makes its use unpractical. In the structure of the complex
of the stathmin-like domain of the protein RB3 (RB3-SLD) with
tubulin (T,R), the corresponding Ncap peptide in RB3-SLD
goes close to the cysteine residue at position 347 of a-tubulin
(39). Therefore, to efficiently impede tubulin assembly, the
Ncap-tubulin complex was stabilized by a disulfide bond
between Cys-347 of a-tubulin and the C-terminal Cys of a syn-
thetic Ncap-like peptide. The reaction was monitored and con-
firmed by MALDI mass spectrometry (supplemental Fig. S5).
This modification inhibits the GTPase of tubulin-colchicine,
strongly suggesting that the Ncap binds to tubulin, as seen in
the T,R structure (39); it is reversed upon reduction of the
disulfide bond between tubulin and Ncap, which restores the
GTPase activity (Fig. 6B). This means that the Ncap peptide
does not inhibit the GTPase activity in our conditions unless it
is covalently bound to tubulin. Most importantly, the aggrega-
tion of tubulin by Kif2C-(sN+M) is completely prevented when
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FIGURE 5. Binding of IAEDANS-labeled Kif2C to MTs or Ncap-tubulin. A,
shown are variations of fluorescence anisotropy after the addition of MTs to
0.5 um nucleotide-depleted IAEDANS-labeled Kif2C-(sN+M) in different
nucleotide conditions (solid circles, nucleotide-free; open circles, AMPPNP;
solid triangles, ADP; open triangles, ADP vanadate). B, 0.5 um IAEDANS-labeled
Kif2C-(sN+M) (filled circles) and Kif2C-Motor (open circles) were titrated with
Ncap-tubulin in AMPPNP condition. The curves were fitted with the equation
described under “Experimental Procedures,” and the values of calculated K,
are listed in Table 2.

TABLE 2

Binding affinity of Kif2C-(sN+M) and Kif2C-Motor for Ncap-tubulin or
MT in different nucleotide conditions

K,
Nucleotide Kif2C-(sN+M) Kif2C-Motor
state Ncap-tubulin MT Ncap-tubulin MT
Yy ny

Nucleotide-free 8.0 = 2.1 0.065 = 0.024 5.3 + 2.6 0.14 + 0.02“
AMPPNP 0.019 = 0.018 0.29 * 0.05” 036 =0.03  0.43 + 0.08
ADP 11.8 2.3 0.18 £0.03 5322 0.55 = 0.09
ADP-vanadate 4.1 = 0.7 2.5+0.3 82 %52 74*+09

“ This affinity is best fitted with 2:1 binding stoichiometry.

® This affinity may be overestimated because some curved tubulin spiral oligomers
form upon interaction of MT's with Kif2C in AMPPNP conditions and stay
bound to MTs (13). Because Kif2C has a higher affinity for curved tubulin, the
measured affinity is higher than that for straight microtubular tubulin.

it is Ncap-modified (Fig. 6A4). The modified tubulin is noted
Ncap-tubulin and used for binding affinity measurement as
well as tubulin-stimulated ATPase measurement.
Kif2C-(sN+M) has relatively low affinities for Ncap-tubulin
in the nucleotide-free, ADP-bound, and ADP-vanadate-bound
states (Table 2 and supplemental Fig. S4B). Remarkably, the
affinity in the AMPPNP-bound state is much higher, with a K,
as low as 0.019 = 0.018 um (n = 5) (Fig. 5B). The sensitivity of
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FIGURE 6. Effects of the covalent modification of tubulin by a stathmin-
like N-terminal peptide (Ncap). A, 1 um tubulin or Ncap-tubulin were incu-
bated with 1 um Kif2C-(sN+M) in different nucleotide conditions, and the
aggregation was checked by reducing SDS-PAGE after ultracentrifugation. S,
supernatant; P, pellet. B, the GTPase activities of tubulin (Tub), Ncap-tubulin,
and DTT-reduced Ncap-tubulin were measured by quantitating the release of
[*2PIPO3 ™~ from [y->2P]GTP (41). The inset shows the non-reducing SDS-PAGE
gel of the tubulin samples used (7, tubulin; 2, Ncap-tubulin; 3, Ncap-tubulin +
DTT).

the method and, consequently, the protein concentration that
needs to be used in these measurements prevent a more accu-
rate estimate from being obtained. This low K, correlates well
with the low Michaelis constant of the tubulin-stimulated
ATPase of Kif2C-(sN+M) (Table 1). A comparison of the affin-
ities of Kif2C-(sN+ M) in its various nucleotide states for Ncap-
tubulin and MTs shows that its conformation is regulated by
the bound nucleotide and that the ATP-bound state, mimicked
by AMPPNP, is the only one that is significantly better suited
for binding to curved than to microtubular tubulin.

The binding affinities of Kif2C-Motor for tubulin/MTs were
also determined (Table 2, Fig. 5B, supplemental Fig. S6); as
those of Kif2C-(sN+M), they depend on the nucleotide state.
Kif2C-Motor has a slightly weaker affinity for MT's than Kif2C-
(sN+M), which may correlate with the higher Michaelis con-
stant of its MT-stimulated ATPase. In the nucleotide-free state,
the variation of Kif2C-Motor fluorescence anisotropy is best
fitted using an unusual binding stoichiometry of 2 motor
domains per tubulin heterodimer (supplemental Fig. S6A); a 2:1
binding ratio also results from the analysis of the MT spin-
down assay (supplemental Fig. S6B). This unusual binding ratio
was previously found for the Ncd motor domain (42); its rele-
vance still remains to be determined. The most significant dif-
ference between Kif2C-Motor and Kif2C-(sN+ M) affinities for
tubulin or MTs is observed for tubulin in the AMPPNP-bound
state of the kinesin. The addition of the Neck increases the
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binding affinity of Kif2C-Motor for tubulin more than 10 times.
Taken together, the binding affinity data suggest that the motor
domain of Kif2C harbors the kinesin fundamental tubulin and
MT binding activities and that the Neck strongly enhances the
binding specificity of Kif2C-(sN+M) for soluble tubulin in the
ATP-bound state.

ATP Hydprolysis in Kif2C Is Required to Release Tubulin from
MT Ends—The binding of ATP-bound Kif2C stabilizes the
curved conformation of tubulin, as shown above and suggested
in studies of other kinesin-13 proteins (13, 24). We next sought
to clarify whether ATP hydrolysis in Kif2C precedes the release
of tubulin from MT ends. We first found in a spin-down assay
that AMPPNP-bound Kif2C-(sN+M) does not release soluble
tubulin from MTs (supplemental Fig. S7). As this might be due
to stereochemical differences between ATP and AMPPNP, we
also confirmed this result with an ATPase-deficient Kif2C
mutant, Kif2C-(sN+M)-G495A. This Switch II mutation has
been demonstrated to completely abolish the ATPase activity
in MCAK (43) as well as in kinesin-1 (44). We generated this
Kif2C-(sN+M) mutant and verified in an enzyme-coupled
assay that it has no detectable ATPase activity, be it in the
absence or presence of tubulin or MTs. More directly, nucleo-
tide analysis after protein denaturation clearly showed that
Kif2C-(sN+M)-G495A contains only ATP, whereas, due to the
basal ATPase activity, wild type Kif2C-(sN+M) in storage con-
tains only ADP (supplemental Fig. S8, A and B).

The binding of Kif2C-(sN+M)-G495A to MTs is not
impaired, as we demonstrated in a spin down assay that it co-
pellets with MTs (Fig. 7A). The binding of Kif2C-(sN+M)-
G495A to tubulin is also preserved; it aggregates with tubulin
similarly to Kif2C-(sN+M)-AMPPNP, and this is prevented by
using Ncap-tubulin instead of tubulin (supplemental Fig. S8C).
More quantitatively, the affinities of Kif2C-(sN+M)-G495A for
Ncap-tubulin or MTs were measured in ATP condition, and
the dissociation constants are not significantly different from
the corresponding values of wild type Kif2C-(sN+M) (Fig. 7, B
and C). However, consistent with the deficient ATPase activity,
Kif2C-(sN+M)-G495A fails to depolymerize MTs even at a 1:1
ratio (Fig. 7A). Taken together with the lack of depolymerizing
activity of Kif2C-(sN+M)-AMPPNP, the results of this G495A
mutant, binding normally to tubulin and MTs but failing to
hydrolyze ATP and hence failing to depolymerize MTs, clearly
demonstrate that ATP hydrolysis in Kif2C is required to release
soluble tubulin from MT ends and, therefore, most likely pre-
cedes it.

DISCUSSION

Kinesin-13s and conventional motile kinesins share a con-
served motor domain, but their biological functions are clearly
distinct. How kinesin-13 proteins are adapted to serve MT
depolymerization activity rather than transport is an interest-
ing question. Our biochemical study of a minimal functional
domain of Kif2C provides insight into its MT depolymerization
mechanism and into the molecular basis for the divergent activ-
ities of conventional and depolymerizing kinesins.

The Nucleotide Binding Properties of Kif2C in Comparison
with Conventional Kinesins—A remarkable difference between
the nucleotide binding properties of Kif2C-(sN+M) and those
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FIGURE 7. Properties of the ATPase-deficient mutant Kif2C-(sN+M)-
G495A. A, shown is SDS-PAGE analysis of the supernatant (S) and pellet (P)
after ultracentrifugation of 2 um Taxotere-stabilized MTs after incubation
with different concentrations of wild type Kif2C-(sN+M) or G495A mutant.
The results clearly indicate that Kif2C-(sN+M)-G495A has essentially no MT
depolymerization activity, even at 1:1 ratio. Note that Kif2C-(sN+M)-G495A
co-pellets with MTs, indicating that the binding of this Kif2C mutant to MTs is
not impaired. B and C, shown are variations of fluorescence anisotropy upon
the addition of Ncap-tubulin (B) or MTs (C) to 0.5 um IAEDANS-labeled Kif2C-
(sN+M)-G495A in ATP. The inset tables show the fitted K, values in compari-
son with wild type Kif2C-(sN+M).

of conventional kinesins is that it has a 100 times lower affinity
for ADP (K, = 0.5 um versus < 5 nm) and 10 times faster ADP
release rate (0.055s ™ versus 0.005s ') compared with conven-
tional kinesins (8). Recently, the fast ADP release by kinesin-13
was also observed for full-length MCAK (22). As a conse-
quence, in the detached state, Kif2C-(sN+M) does not trap
ADP as tightly as conventional kinesins (4). Because, in addi-
tion, the affinity of Kif2C-(sN+M) for ATP is higher than that
for ADP (Fig. 3), detached Kif2C-(sN+M) is ATP-bound in
physiological conditions, where the ATP concentration is as
high as 1 mm and much higher than that of ADP. The affinities
of tubulin- or MT-bound Kif2C-(sN+M) for ADP or ATP were
derived from thermodynamic cycles including these binding
equilibria and from the other binding constants we measured
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FIGURE 8. A model for the MT depolymerization mechanism of Kif2C and
other kinesin-13s. A MT is represented as a single protofilament, and Kif2C is
represented as a single motor domain with the Neck shown as an attached
helix. The functionally important family-specific Loop 2 is highlighted. The
nucleotide bound to Kif2C is indicated with the letter: Tfor ATP, D for ADP, and
D-Pifor ADP-Pi. In solution, Kif2C releases ADP autonomously and then binds
ATP, so that the Kif2C pool is mostly ATP-loaded. Kif2C-ATP is strongly biased
toward binding directly to the end of MT, which is shown by a thick solid line.
Binding triggers ATP hydrolysis by Kif2C, which in turn leads to the release of
tubulin from MT. The requirement for ATP hydrolysis is shown by an asterisk.
Alternatively, when Kif2C-ATP binds to the MT lattice (shown by a dashed line),
ATP hydrolysis is also triggered, which yields Kif2C-ADP-P; that diffuses along
MTs. The release of P; tightens MT-binding by Kif2C, where Kif2C readily
releases ADP, binds another ATP, and may start the next round of Kif2C diffu-
sion along MT. This only leads to tubulin disassembly from MT if ATP-bound
Kif2C reaches the MT end.

(see the supplemental material). This shows that, whether
detached or tubulin- or MT-bound, Kif2C-(sN+M) has a
higher affinity for ATP than for ADP; moreover, because ADP
release is enhanced in the presence of tubulin or MT, this also
means that Kif2C-(sN+M) is mostly ATP-bound at physiolog-
ical ATP concentrations, not only when detached but also when
bound to tubulin or to MTs. This is important because Kif2C-
(sN+M) only initiates MT depolymerization when it is ATP-
bound (see below).

MT Depolymerization Cycle of Kif2C and Its ATPase Activity
at MT Ends—XKinesin-13s depolymerize MTs from their ends.
At MT ends, at least in the case of dynamic MTs, tubulin assem-
blies have a curved conformation (45). This differentiates them
from tubulin in the microtubule lattice, which is straight (46,
47) and makes tubulin in these assemblies more similar to sol-
uble tubulin. Therefore, the much higher affinity of ATP-
bound Kif2C-(sN+M) for soluble tubulin (0.019 um) as com-
pared with tubulin in the MT lattice (0.29 um) suggests that
direct end binding of ATP-bound Kif2C-(sN+M) is favored.
Once Kif2C-ATP binds to MT ends, protofilament peeling is
observed (13). This means that in the presence of ATP, the
affinity of kinesin-13 proteins for the curved tubulin assemblies
that give rise to protofilament peeling is higher than for the
isolated heterodimer. This gain in affinity may be due to the
class-specific L2 loop extension (Fig. 8) (20). Taken together
with the potentially overestimated K, for MT (Table 2), this
implies that the ~15-fold higher affinity of ATP-bound Kif2C-
(sN+M) for soluble tubulin than for MTs (Table 2) is an under-
estimate of the differential of affinity for the ends as compared
with the MT lattice. Direct MT end binding of MCAK and of a
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minimal domain similar to Kif2C-(N+M) have indeed been
observed by immunofluorescence imaging (48) and were also
proposed to occur to account for the observations made during
total internal reflection fluorescence measurements of MT
depolymerization by MCAK (49).

Protofilament peeling is the first step of microtubule disas-
sembly by Kif2C-(sN+M). After ATP hydrolysis, the affinity for
tubulin of Kif2C in the ADP-P; or ADP-bound state is very
much lowered (Table 2). This causes tubulin-kinesin dissocia-
tion; as a consequence, longitudinal curved tubulin interactions
are not reinforced anymore, and tubulin is released. Indeed,
ATP hydrolysis, which is triggered by MTs/tubulin, was found
to be required for tubulin to be released in solution upon MT
depolymerization by Kif2C (13), and the ATPase-deficient
G495A mutant of Kif2C-(sN+M) does not depolymerize MTs
even at 1:1 ratio (Fig. 7A). After Kif2C has detached from MTs
and tubulin, the last steps of the Kif2C ATPase cycle, namely
ADP release followed by ATP binding, take place. This renews
in Kif2C the potential to stabilize curved tubulin that is
required to start a new round of catalytic MT depolymerization
(see the model, Fig. 8).

The arguments we developed underscore the importance of
the binding preference of ATP-bound Kif2C for this kinesin
depolymerization activity. Consistent with that, Kif2C-
(sN+M), which exhibits a larger preference than Kif2C-Motor
for binding to soluble as compared with microtubular tubulin,
is also a much more active depolymerase. This also means that
the binding preference of ATP-bound Kif2C-(sN+M) is a con-
tribution of the Neck region to its function.

ATP Hydrolysis Cycle of Kif2C on Microtubule Lattice—We
only discuss here the case of the minimal monomeric HsKif2C-
(sN+M) construct. The MT depolymerization cycle we briefly
described above emphasizes the role of direct MT-end binding
of Kif2C-ATP to start a productive MT depolymerization pro-
cess. But because ATP-bound Kif2C-(sN+M) has submicro-
molar binding affinity for the MT lattice, it also binds to the
lattice (18, 49). Diffusion then occurs and assists locating
Kif2C-(sN+M) to MTs ends. ATP hydrolysis by Kif2C is stim-
ulated by the MT lattice (13, 17). This is required for diffusion
to occur, as the complex of Kif2C with a non-hydrolyzable ATP
analog diffuses very slowly (49). The ADP-P;-bound state, mim-
icked with ADP-vanadate, is the only low affinity state of Kif2C-
(sN+M) for the MT lattice (Table 2); therefore, it probably
stands for the diffusion state of Kif2C along MTs, as suggested
by the diffusion study of MCAK (49). After ADP release from
Kif2C, which is fast (15.8 s~ '), nucleotide-free Kif2C binds very
tightly to MTs (Table 2) and stops diffusing (49). ATP binding
then initiates a new ATPase cycle as well as a new diffusion
event (Fig. 8). In summary, at the expense of hydrolyzed ATP,
diffusion helps targeting Kif2C-(sN+M) to MTs ends to per-
form depolymerization.

There is a striking difference between the interactions with
the MT lattice of Kif2C and conventional kinesins; in the ADP-
bound state Kif2C binds to the MT lattice, whereas conven-
tional kinesins dissociate from MTs (4). This correlates well
with their distinct behaviors. As Kif2C-ADP binds relatively
tightly to MTs, it has an opportunity to exchange its nucleotide
for ATP. This is also important for it to recover its competence
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to depolymerize MTs. By contrast, the dissociation of most
motile kinesin head monomers during every ATP turnover is
part of the hand-over-hand walking of dimeric kinesins (1, 3).

Our affinity data suggest that, for Kif2C-(sN+M) to produc-
tively reach the MT end, it has to be in the ATP-bound state as
it gets there. The average diffusion time of a monomeric Kif2C
construct on MTs is 0.25 s (18). The maximum distance trav-
eled during that time may be deduced from the kinesin diffu-
sion coefficient on MTs. This coefficient has been measured for
dimeric MCAK (49), and diffusion coefficients of monomeric
and dimeric kinesin-13s were found to be similar (18). The
resulting maximum distance is 80 nm, the total length of 10
tubulin heterodimers. The relative contributions to MT depo-
lymerization of direct end binding and lattice binding followed
by diffusion will depend on the relative efficiencies of binding to
this short microtubule stretch and to tubulin at the end of M Ts.
It should be pointed out that this discussion pertains to in vitro
measurements with purified monomeric kinesins, but that in
physiological conditions kinesin-13s may be targeted to MT
ends in a more energy-economic way through their interaction
with (+)-end tracking proteins (50, 51).

In summary, we have studied the biochemical properties
of monomeric Kif2C proteins to understand their MT depo-
lymerization mechanism. We found that, just as conven-
tional kinesins, Kif2C has tubulin- and MT-stimulated
ATPase activity, nucleotide-regulated tubulin/MT binding
activity, and MT-stimulated ADP release. But Kif2C has also
some specific properties. It has a lower affinity for ADP than
for ATP and relatively fast ADP release so that detached
Kif2C is in the ATP-bound state and binds to MTs in that
state. Most importantly perhaps, the ATP-bound state of
Kif2C is biased toward curved tubulin binding, which
accounts for Kif2C MT depolymerization activity. In addi-
tion, this may tip the balance in favor of MT end binding
compared with MT-core binding and limit ATP hydrolysis
occurring on the microtubule lattice. At MT ends, after
protofilament peeling by ATP-Kif2C, ATP hydrolysis is
required for, and most likely precedes, tubulin release from
MTs. This also causes Kif2C release from tubulin. Then,
reloading the kinesin with ATP initiates a new ATPase/de-
polymerization cycle. Structural characterization of the
interaction of Kif2C with tubulin is required to better define
the complex they form and will be essential to document
further the molecular mechanism by which Kif2C promotes
MT disassembly.
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